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a b s t r a c t
In order to further address the known interaction between ethylene and components of the oxidative
system, we have used the ethylene-insensitive Never ripe (Nr) tomato (Solanum lycopersicum L.) mutant,
which blocks ethylene responses. The mutant was compared to the control Micro-Tom (MT) cultivar
subjected to two stressful situations: 100mMNaCl and 0.5mMCdCl2. Leaf chlorophyll, lipid peroxidation
and antioxidant enzyme activities in roots, leaves and fruits, and Na and Cd accumulation in tissues were
determined. Althoughweveriﬁeda similar growthpattern andNaandCdaccumulation forMTandNr, the
mutant exhibited reduced leaf chlorophyll degradation following stress. In roots and leaves, the patterns
of catalase (CAT), glutathione reductase (GR), ascorbate peroxidase (APX), guaiacol peroxidase (GPOX),
superoxide dismutase (SOD) enzyme activity as well as malondialdehyde (MDA) and hydrogen peroxide
(H2O2) production under the stressful conditions tested were very similar between MT and Nr mutant.
However, Nr fruits showed increased H2O2 production, reduced and enhanced APX activity in NaCl and
CdCl2, respectively, and enhanced GPOX in NaCl. Moreover, through non-denaturing PAGE, a similar
reduction of SOD I band intensity in both, control MT and Nr mutant, treated with NaCl was observed. In
leaves and fruits, a similar SOD activity pattern was observed for all periods, genotypes and treatments.
Overall the results indicate that the ethylene signaling associated with NR receptor can modulate the
biochemical pathways of oxidative stress in a tissue dependent manner, and that this signaling may be
d Cddifferent following Na an
. Introduction
Salinity and metal stresses are two severe detrimental factors
mong the abiotic stresses which affect crop production (Gomes-
unior et al., 2006a; Teklic et al., 2008; Chen et al., 2010). A number
f toxic effects of both stress types have been reported to affect
lant development. For example, salinity causes lower soil water
otential and an imbalance in the uptake of mineral nutrients and
heir accumulation within plants (Munns and Tester, 2008). Sim-
larly, metal excess can alter the uptake of minerals by plants by
educing the availability of minerals, or by lowering the population
f soil microbes in the soil (Moreno et al., 1999). Transpiration and
hotosynthesis are examples of processes that have been reported
obeaffectedbymetal excess (Pietrini et al., 2003;Guoaet al., 2007;
attab et al., 2009).
∗ Corresponding author. Tel.: +55 19 3429 4475; fax: +55 19 3433 6706.
E-mail address: raazeved@esalq.usp.br (R.A. Azevedo).
098-8472/© 2011 Elsevier B.V. Open access under the Elsevier OA license.
oi:10.1016/j.envexpbot.2010.12.020exposure.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.
The adverse effects induced by salinity andmetal stress on plant
growth and development involve biochemical disturbance mainly
through oxidative damage. An exaggerated increase in the produc-
tionof reactive oxygen species (ROS), suchas the superoxide radical
(O−2) andhydrogenperoxide (H2O2), triggers a complexdetoxiﬁca-
tion mechanism which may involve non-enzymatic and enzymatic
systems capable of preventing the cascades of uncontrolled oxida-
tion (Gratão et al., 2005; Hafsi et al., 2010). Plant ROS-scavenging
mechanisms include the action of some key enzymes, such as
superoxide dismutase (SOD, EC 1.15.1.1), which dismutates O−2 to
H2O2. Subsequently, H2O2 may be detoxiﬁed to H2O by ascorbate
peroxidase (EC 1.11.1.11), catalase (CAT, EC 1.11.1.6) and glu-
tathioneperoxidase (EC1.11.1.9), amongotherperoxidases (Gratão
et al., 2005; Passardi et al., 2007). In addition, for the detoxiﬁcation
of H2O2, phenolics can act as antioxidants by donating elec-
trons to guaiacol-type peroxidases [guaiacol peroxidase (GPOX), EC
1.11.1.7] (Sakihama et al., 2002). The ascorbate–glutathione cycle is
closed by regeneration of reduced glutathione (GSH) from oxidized
glutathione (GSSG) by glutathione reductase (GR, EC 1.6.4.2) using
NAD(P)H as a reducing agent (Foyer and Noctor, 2009).
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The literature has numerous reports published over the last ﬁfty
ears which tend to support the involvement of ethylene in the
esponse of plants to several stresses, including sodium (Na) and
admium (Cd) (Iakimova et al., 2005; Cao et al., 2007; Liu et al.,
008). Although ethylene is generally believed to be as a stress-
ormone (Kende, 1993) and ethylene signaling regulates multiple
tress responses (Cao et al., 2009), it is not clear what speciﬁc
oles it plays in signaling of stress responses (Cao et al., 2008).
his raises questions as to whether the ethylene produced dur-
ng stress is a causal agent or a consequence (Liu et al., 2008). For
xample, exogenous ethylene greatly stimulated Cd-induced stress
nd Cd treatment enhanced endogenous ethylene production in
omato (Iakimova et al., 2005), while sodium (Na) stress induced
thylene production in some species, whereas for others, ethylene
evels were reduced (Zapata et al., 2007). Thus, these issues fall
nto the difﬁculty of understanding how ethylene interacts with
OS during stress. External addition of ethylene during cell death
n Arabidopsis increased ROS production and caused increased
ell death (Overmyer et al., 2000). On the other hand, exogenous
pplication of H2O2 increased ethylene production in pine nee-
les in a concentration-dependent manner (Ivenish and Tillberg,
995), whereas Ke and Sun (2004) veriﬁed that it was the superox-
de radical, but not H2O2, which was involved directly in osmotic
tress-inducible ethylene biosynthesis. Despite all these aspects,
t is now becoming clear that various ethylene-regulated stress
esponses are essential for stress tolerance and plant survival (Jung
t al., 2009), but it is not clear which of the ethylene-dependent
hanges that occur in the oxidative system contributes to this tol-
rance.
Ethylene mutants have been powerful tools in genetic and bio-
hemical research to elucidate ethylene modulation during stress.
nalyses of these mutants have led to an understanding of the
ell changes induced by ethylene as well as the identiﬁcation of
omponents of the ethylene signaling pathway involved in the
esponse to a series of different stresses (Vahala et al., 2003; He
t al., 2005; Wang et al., 2008; Kim et al., 2008; Chen et al., 2009).
owever, many major questions about the biochemical processes
till remain to be answered (Tieman et al., 2000; Barry et al.,
005).
In this study, we have examined some aspects of the biochemi-
al basis of oxidative stress in the dominant Never-ripe (Nr) tomato
utant (Wilkinson et al., 1995), which is blocked in ethylene per-
eption (Lanahan et al., 1994), when it is exposed to sodium (Na)
nd Cd treatments. Although several researchers have used Nr as
tool to assess the role of ethylene in a range of environmen-
al stresses (Lund et al., 1998; Ciardi et al., 2000; O’Donnell et al.,
001; Castagna et al., 2007), here we have indicated that the ethy-
ene signaling associated with the NR receptor can modulate the
iochemical pathways of oxidative stress in a tissue dependent
anner, and that this signaling may be different for Na and Cd
tresses.
. Materials and methods
.1. Plant material and growth conditions
Seeds of the Micro-Tom (MT) cultivar of tomato (Solanum
ycopersicum L.) and its introgressed ethylene-insensitive Never
ipe mutant (Lima et al., 2009; Carvalho et al., 2010) were
own in trays containing a 1:1 mixture of commercial substrate
Plantmax HT, Eucatex, Brazil) and expanded vermiculite, supple-
entedwith 1g l−1 10:10:10NPKand4g l−1 lime (MgCO3 +CaCO3)
nd maintained in a greenhouse with an average mean tem-
erature of 28 ◦C, 11.5h/13h (winter/summer) photoperiod, and
50–350molm−2 s−1 PAR irradiance (natural radiation reduced
ith a reﬂecting mesh (Aluminet–Polysack Industrias Ltda., Itápo-erimental Botany 71 (2011) 306–320 307
lis, Brazil). After the ﬁrst true leaves appeared, seedlings were
transplanted to 0.350 l Leonard pots (Vincent, 1975) (1 seedling
per pot) ﬁlled with sand and polystyrene (1:1). Two days after
transplanting, Hoagland’s nutrient solution (Hoagland and Arnon,
1950) (0.250mL) was added and renewed weekly. Up to the
stage of anthesis, Leonard pots were maintained at zero NaCl
and CdCl2, by receiving Hoagland’s solution only. At anthe-
sis, 108 Leonard pots received Hoagland’s solution containing
100mM NaCl and 108 Leonard pots received Hoagland’s solu-
tion containing 0.5mM CdCl2. At zero, 7, 20 and 36 days after
anthesis, leaves, roots and fruitswere collected,washed indistilled-
deionized water and stored at −80 ◦C for further biochemical
analysis.
2.2. Lipid peroxidation
Lipid peroxidation was determined by estimating the content
of thiobarbituric acid reactive substances (TBARS) following the
method of Heath and Packer (1968). The concentration of malon-
dialdehyde (MDA) equivalents was calculated using an extinction
coefﬁcient of 1.55×10−5 mol−1 cm−1.
2.3. Extraction and analysis of antioxidant enzymes
The following steps were carried out at 4 ◦C unless stated oth-
erwise. Roots, leaves and fruits were homogenized (2:1, buffer
volume:fresh weight) in a mortar with a pestle in 100mM
potassium phosphate buffer (pH 7.5) containing 1mM ethylene-
diaminetetraacetic acid (EDTA), 3mM dl-dithiothreitol and 5%
(w/v) insoluble polyvinylpolypyrrolidone (Azevedo et al., 1998).
The homogenate was centrifuged at 10,000× g for 30min, and the
supernatantwas stored in separate aliquots at−80 ◦Cprior to enzy-
matic analysis.
2.3.1. Catalase assay
Catalase (CAT) activity was assayed spectrophotometrically
at 25 ◦C in a reaction mixture containing 1mL of 100mM
potassium phosphate buffer (pH 7.5), which contains 2.5l of
H2O2 (30% solution) prepared immediately before use. The reac-
tion was initiated by the addition of 15l of plant extract,
and the activity was determined by monitoring the removal
of H2O2 at 240nm over 1min against a plant extract-free
blank (Gomes-Junior et al., 2007). CAT activity is expressed as
molmin−1 mg−1 protein.
2.3.2. Glutathione reductase assay
Glutathione reductase (GR) activity was assayed spectropho-
tometrically at 30 ◦C in a mixture containing 3mL of 100mM
potassium phosphate buffer (pH 7.5), which contains 1mM 5,5′′-
dithiobis (2-nitrobenzoic acid), 1mM oxidized glutathione (GSSG)
and 0.1mM NADPH. The reaction was started by the addition of
50l of enzyme extract. The rate of reduction of GSSG was fol-
lowed by monitoring the increase in absorbance at 412nm over
2min (Gomes-Junior et al., 2006b). GR activity is expressed as
molmin−1 mg−1 protein.
2.3.3. Guaiacol peroxidase assay
Guaiacol peroxidase (GPOX) activity was determined as
described by Gomes-Junior et al. (2006b). One enzyme activity unit
(U) of GPOX corresponds to an increase of 0.001 in absorbance
per min per mg protein. The reaction medium contained 250l
phosphate–citrate buffer (sodium phosphate dibasic 0.2M:citric
acid 0.1M) pH 5.0, 150l enzyme extract and 25l 0.5% guaia-
col, which was vortex shaken and incubated at 30 ◦C for 15min.
The reaction was stopped by quickly cooling in an ice water bath,
followed by the addition of 25l of 2% sodium metabisulphide
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ere untreated. Values are the means of three replicates± SEM.
olution. The reaction mixture was held for 10min, and the GPOX
ctivity was evaluated by monitoring the absorbance at 450nm.
.3.4. Ascorbate peroxidase
Ascorbate peroxidase (APX) activity was determined by mon-
toring the rate of ascorbate oxidation at 290nm at 30 ◦C. Theanthesis, in the presence of NaCl (100mM) and CdCl2 (0.5mM). The control plants
reaction was initiated by the addition of 40l plant extract to
1mL of a medium containing 50mM potassium phosphate buffer
(pH 7.0), 0.5mM ascorbate, 0.1mM EDTA and 0.1mM H2O2.
APX activity, expressed as nmol ascorbate min−1 mg−1 protein
was calculated using the extinction coefﬁcient 2.8mM−1 cm−1 for
ascorbate (Nakano and Asada, 1981).
C.C. Monteiro et al. / Environmental and Experimental Botany 71 (2011) 306–320 309
Table 1
Sodium (Na) and cadmium (Cd) accumulation (mmol g−1 dry weight) during control Micro-Tom (MT) and Never ripe (Nr) mutant development. The plants were subjected to
NaCl and CdCl2 treatment and samples analyzed after 7, 20 and 36 days. The values represent mean± SEM.
Organ Genotype Time (days)
NaCl CdCl2
7 20 36 7 20 36
Root MT 48.66 ± 2.93a 70.43 ± 6.17a 71.07 ± 10.16a * * *
438.64 ± 22.18b 672.36 ± 0.82b 640.35 ± 7.46b 1.40 ± 0.18c 8.70 ± 0.82c 24.55 ± 0.88c
Nr 62.41 ± 7.70a 79.40 ± 19.24a 110.14 ± 10.58a * * *
387.41 ± 111.3b 710.7 ± 19.21b 768.42 ± 66.54b 3.42 ± 0.68c 10.24 ± 0.42c 27.22 ± 2.45c
Leaf MT 37.78 ± 1.10a 46.10 ± 6.92a 72.36 ± 17.43a * * *
342.58 ± 30.87b 845.26 ± 57.63b 1082.19 ± 48.34b 0.59 ± 0.02c 2.13 ± 0.40c 4.65 ± 0.22c
Nr 37.78 ± 3.99a 60.19 ± 26.98a 64.03 ± 25.07a * * *
326.57 ± 34.63b 755.61 ± 79.98b 979.73 ± 38.42b 0.63 ± 0.08c 2.17 ± 0.23c 5.16 ± 1.03c
Fruitd MT – – 23.69 ± 9.07a – – *
– – 150.48 ± 14.54b – – 0.20 ± 0.06c
Nr – – 23.69 ± 9.85a – – *
– – 144.71 ± 9.85b – – 0.23 ± 0.00c
* The same values obtained with NaCl treatment.
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d Values obtained only at 36 days; data not available for 0 day; (–) data not availa
.4. Polyacrylamide gel electrophoresis (PAGE) and superoxide
ismutase (SOD) activity staining
Electrophoretic analysis was carried out under non-denaturing
ondition in 10% polyacrylamide gels, followed by superoxide dis-
utase (SOD) activity staining as described by Vitória et al. (2001),
ith equal amounts of protein (60g) being loaded onto each gel
ane. Electrophoresis buffers and gels were prepared as described
y Gratão et al. (2008), except that SDS was excluded.
.5. Hydrogen peroxide content
The content of H2O2 was determined according to Alexieva
t al. (2001). Plant tissues were homogenized in 0.1% (m/v)
richloroacetic acid (TCA). The homogenate was centrifuged at
2,100× g, 15min, 4 ◦C, and 200l of the supernatantwas added to
00l of 100mM potassium phosphate buffer (pH 7.0) and 800l
f 1M KI. The absorbance was read at 390nm. H2O2 content for all
amples was determined using H2O2 as a standard.
.6. Determination of protein concentration
The protein content of all samples was determined by the
ethod of Bradford (1976) using bovine serum albumin as a stan-
ard.
.7. Cadmium and sodium content
Assays for the determination of the Na and Cd contents of the
lant tissues,were performed followingdigestionwith amixture of
itric and perchloric acids according to Malavolta et al. (1997). Na
nd Cd concentrations were measured using a ﬂame photometer
Micronal – B462) and ﬂame atomic absorption spectroscopy with
Perkin Elmer spectrometer model 310, respectively. Na and Cd
oncentrations are expressed as mmol per gram of dry tissue.
.8. Chlorophyll determinationA Minolta SPAD-502 meter, which measures leaf transmittance
t two wavelengths: red (approximately 660nm) and near infrared
approximately 940nm), was used to determine the leaf chloro-
hyll content. SPAD readings were taken weekly on the terminalleaﬂet of the forth leaf from the base of the shoot. The SPAD sen-
sor was placed randomly on leaf mesophyll tissue only, with veins
avoided.
2.9. Statistical analysis
The experimental design was randomized with twelve plants
from three replicate pots, and the results are expressed as mean
and standard error of mean (±SEM) of three independent replicate
enzyme assays of each extract for TBARS and H2O2 contents, CAT,
GR, GPOX, APX and SOD activities, and Cd and NaCl accumulation
measurements.
3. Results
3.1. Plant growth
Over the 36 days of treatment, plants cultivated in NaCl and
CdCl2 exhibited growth reductionwhen compared to the untreated
plants. This reduction was similar for MT and Nr in roots (Fig. 1A),
leaves (Fig. 1B) and, to a lesser extent, in fruits (Fig. 1C).
3.2. Sodium and cadmium content
Table 1 shows the Na and Cd contents of the root, leaf and
fruit tissues of the control MT and Nr genotypes after treatment
with NaCl and CdCl2. Although we did not determine the salt and
metal accumulation at the ﬁrst day when the treatments were ini-
tiated (day zero), after 7, 20 and 36 days, a gradual increase in
Na and Cd occurred for both genotypes in roots and leaves. The
fruit tissue also exhibited an accumulation of Cd and Na in a sim-
ilar manner for the control MT and the Nr mutant. The similar
behavior of both genotypes can also be observed in the untreated
plants.
3.3. Lipid peroxidationLipid peroxidation (expressed by MDA content) was induced by
theNaCl andCdCl2 treatments over the three time-periods sampled
(7, 20 and 36 days) in both the MT and Nr genotypes. However, a
lower induction in the Nr roots (Fig. 2A) and leaves (Fig. 2A) was
observed at 36 days in the NaCl treatment when compared to MT.
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(ig. 2. Lipid peroxidation measured as malondialdehyde (MDA) content (nmol g−1
he presence of NaCl (100mM) and CdCl2 (0.5mM). The control plants were untrea
n Nr fruits, the NaCl and CdCl2-induced MDA concentration was
ower when compared to MT (Fig. 2C)..4. Hydrogen peroxide measurements
Following treatment with NaCl and CdCl2, the MT and Nr roots
Fig. 3A) and leaves (Fig. 3B) exhibited an increase in H2O2 contentweight) in roots (A), leaves (B) and fruit (C) of Nr and MT grown, from anthesis, in
alues are the means of three replicates± SEM.
when compared to the zero treatments at the three time points.
Although ahigherH2O2 induction inNr roots and leaves prior to the
beginning of the NaCl and CdCl2 treatments was observed (Fig. 3A
and B), during the time length of the treatments the wild type
MT and Nr exhibited a similar H2O2 content. However, a greater
increase in H2O2 was observed in the Nr mutant fruits compared to
MT, when subjected to both stresses (Fig. 3C).
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Nig. 3. Hydrogen peroxide (H2O2) content (mol g−1 fresh weight) in the roots (A
100mM) and CdCl2 (0.5mM). The control plants were untreated. Values are the m
.5. Chlorophyll contentThe chlorophyll content of the leaves reduced during the time
engthof theexperimentunderbothzeroand treatment conditions.
owever, after 28 and 35 days of Cd treatment, the reduction was
igniﬁcantly higher in the MT, although it was also observed in the
r mutant (Fig. 4).ves (B) and fruits (C) of Nr and MT grown, from anthesis, in the presence of NaCl
f three replicates± SEM.
3.6. Antioxidant enzymesSOD activity staining using non-denaturing PAGE is presented
in Figs. 5–7 showing SOD isoforms activity pattern and distribution
in roots, leaves and fruits, respectively, after NaCl and CdCl2 expo-
sure. Five distinct SOD isoforms were detected and characterized
as Mn/SOD (SOD I), present in all three tissues; Mn/SOD (SOD II),
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MT and Nr (Fig. 8A and B) during the time length of the experiment.
On the other hand, the CAT activity patterns in the fruit tissue ofig. 4. Chlorophyll content measured in leaves of Nr and MT grown, from anthesis,
Minolta SPAD-502 chlorophyll meter was used to take readings on forth leaves. V
nly present at very low level in roots; Fe/SOD (SOD III), present
n roots and leaves, depending on the stage of plant development;
nd Cu-Zn/SODs (SOD IV and V) highly active in all three tissues
classiﬁcation of gels not shown). Considering that SOD isoforms I,
V and V are the predominant isoforms in terms of total SOD activ-
ty, the most obvious alteration encountered was observed in roots
t 36 days, at which period a similar reduction of SOD I band inten-
ity in both, MT and the Nr mutant, treated with NaCl (Fig. 5C),
as detected. In leaves and fruit, a similar SOD activity pattern was
bserved for all periods, genotypes and treatments (Figs. 6 and 7). It
s also possible to mention that SOD III appeared to be stage depen-
ig. 5. Activity staining for superoxide dismutase (SOD) following non-denaturing
olyacrylamide gel electrophoresis of extracts of roots isolated from MT and Nr
lants grown over a 7 (A), 20 (B) and 36 (C)-day period in the presence of NaCl and
dCl2. The lanes listed are: (1) bovine SOD standard; (2) MT, zero; (3) MT, 100mM
aCl; (4) MT, 0.5mM CdCl2; (5) Nr, zero; (6) Nr, 100mM NaCl and (7) Nr, 0.5mM
dCl2. The SOD isoforms are: (I) Mn-SOD; (II) Mn-SOD; (III) Fe-SOD; (IV) Cu/Zn-SOD
nd (V) Cu/Zn-SOD.presence of NaCl (100mM) and CdCl2 (0.5mM). The control plants were untreated.
are the means of four replicates± SEM.
dent since it only appeared in the leaves of 36-day treated plants,
but was independent of genotype and stress.
Analysis of CAT clearly showed Cd and to a lesser extent NaCl
induced increases in the total activity in the roots and leavesofboth,MT and Nr were strikingly similar with the NaCl treatment leading
to a small reduction in CAT activity, an effect that was not observed
for Cd (Fig. 8C).
Fig. 6. Activity staining for superoxide dismutase (SOD) following non-denaturing
polyacrylamide gel electrophoresis of extracts of leaves isolated from MT and Nr
plants grown over a 7 (A), 20 (B) and 36 (C)-day period in the presence of NaCl and
CdCl2. The lanes listed are: (1) bovine SOD standard; (2) MT, zero; (3) MT, 100mM
NaCl; (4) MT, 0.5mM CdCl2; (5) Nr, zero; (6) Nr, 100mM NaCl and (7) Nr, 0.5mM
CdCl2. The SOD isoforms are: (I) Mn-SOD; (II) Mn-SOD; (III) Fe-SOD; (IV) Cu/Zn-SOD
and (V) Cu/Zn-SOD.
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Fig. 7. Activity staining for superoxide dismutase (SOD) following non-denaturing
polyacrylamide gel electrophoresis of extracts of fruits isolated from MT and Nr
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GR activity was also determined (Fig. 9) and the results revealed
very similar behavior to that observed for CAT (Fig. 8). For
nstance, NaCl and CdCl2 clearly induced GR activity increases with
ime and in both, MT and Nr roots (Fig. 9A) and leaves (Fig. 9B).
owever, in fruits GR activity was not altered in MT whereas in
r, a small increase in activity was observed in response to Cd
Fig. 9C).
The clear patterns of CAT and GR enzyme activity stimula-
ion induced by NaCl and Cd were not observed for APX (Fig. 10),
lthough signiﬁcant changes were observed, they were not as dra-
atic as for the other two enzymes. On the other hand, APX at day
ero followed the pattern exhibited for CAT (Fig. 8) andGR (Fig. 10),
o that the Nr mutant showed a slightly higher CAT (Fig. 8A), GR
Fig. 9A) and APX (Fig. 10A) activity in roots when compared to the
T, which was not observed in the leaves. There was a slight APX
ctivity change in the fruit tissue, theNaCl treatedMTplants exhib-
ted the highest activity, whereas for Nr, the CdCl2 treated plants
ad the highest activity (Fig. 10C).
The activity patterns observed for GPOX revealed some more
peciﬁc behavior (Fig. 11). Initially, MT and Nr exhibited similar
evels of activity at day zero in roots and leaves. NaCl and CdCl2
reatments also resulted in induced activity, but after 36 days the
ctivities were not as high as observed at 20 days, particularly for
he Nr mutant in roots and leaves (Fig. 11A and B). In leaves, GPOX
ctivity was reduced in both the untreated MT and Nr.
. Discussion
We used the ethylene insensitive Nr tomato mutant to study
ndirectly the potential of ethylene modulation on the biochemi-
al changes induced by Na and Cd stresses. We have opted for the
nalysis of tomato plants that would reach the fruiting stage after
t least 30 days of treatment with 100mM NaCl and 0.5mM CdCl2.
uch a strategy was based on our prior study in which we veriﬁed
hat after 75 days of exposure to CdCl2, MT plants acquired toler-
nce to a concentrationof 1mMCdCl2 (Gratãoet al., 2008). Thus,we
ave chosen a short acute treatment prior to the tolerance acquisi-
ion stage. The same strategy was adopted for the NaCl treatment
o both stresses could be directly compared.
NaCl and CdCl2 have obvious detrimental effects on plants, such
s inhibition of root and shoot growth, nutrient uptake, and pho-
osynthesis (Shalat and Neumann, 2001; Madhaiyan et al., 2007;
hanem et al., 2008; Gratão et al., 2008). The chlorophyll break-
own is one of the ﬁrst visible symptoms and is closely linked to
etal and salt stress induction (Demiral and Türkan, 2005). For
xample, the production of transgenic tobacco plants with delayed
enescence resulted in outstanding stress tolerance (Rivero et al.,
007). Although this last report provides evidence for the impor-
ant role of cytokinin in the senescence control, a large number of
ther reports showed that the stress-induced senescence is mod-erimental Botany 71 (2011) 306–320 313
ulated by ethylene (Abeles et al., 1992; Morgan and Drew, 1997;
Bleecker and Kende, 2000; Munné-Bosch et al., 2004). In this cur-
rent work, we were expecting to ﬁnd an increase in the chlorophyll
content in untreated Nr plants due to the classic effect of ethylene
onsenescence (Noodénet al., 1997) and frompreviousobservations
of thedelayed leaf senescence shownby thismutant (Lanahanet al.,
1994). Nr appeared to be more resistant to the toxic effect of NaCl
and CdCl2 during leaf chlorophyll degradation, since its pigment
content after 36 days of treatment was shown to be substantially
higher that that observed inwild typeMT leaves (Fig. 4). The poten-
tial higher resistance of the Nr mutant to Cd, when compared to
MT, agrees with previous work with ethylene-insensitive mutants,
including the Nr mutant, which demonstrated an increased toler-
ance to virulent strains of biotrophic pathogens infection, apart
from reduced senescence (Bent et al., 1992; Lund et al., 1998;
Hoffman et al., 1999; Ciardi et al., 2000). However, the alterations
of the resistance of plants generated by ethylene insensitivity seem
to be quite complex; for example, ethylene insensitive plants also
have increased susceptibility to a number of diseases, particularly
those caused by necrotrophic pathogens (Knoester et al., 1998;
Thommaet al., 1999;Geraats et al., 2002;Klee andClark, 2002). Fur-
thermore, mutants that overproduce ethylene do not necessarily
show premature leaf senescence (Grbic and Bleecker, 1995; Wang
et al., 2005), indicating that the programmed senescence is regu-
lated throughmultiple, interrelatedbutdistinct signalingpathways
(Jinget al., 2002;DePaepeet al., 2005). This is in agreementwith the
multiplicity of responses controlled by ethylene signaling, which
may derive from differences in developmental stage, plant species
and culture systems (Kim et al., 2008). This may explain, for exam-
ple, the similar reduction between the wild type MT and Nr in root,
leaf and fruit dry weight (Fig. 1) as well as similar accumulation of
both, metal and salt, in the three tissues (Table 1).
The more obvious and perhaps expected biochemical response
during stress is the enhanced ROS production. Rapid and non-
speciﬁc reactions of ROS result in severe cell biochemical changes
during oxidative stress, including lipid peroxidation and damage to
proteins and DNA, which may lead to cell death (Dietz, 2005). Such
changes have been reported to be strongly modulated by ethylene
(Mayak et al., 1983; Hodges and Forney, 2000; Desikan et al., 2001;
Munné-Bosch et al., 2004; Vranova et al., 2002; Overmyer et al.,
2003; Ghanem et al., 2008; Liu et al., 2008). Ours results with the
Nr mutant provide some extra insights into the role of ethylene
sensitivity on oxidative stress triggered by NaCl and CdCl2.
A reduction in the MDA content, which is a product of lipid
peroxidation, would be predicted in the Nr mutant since previ-
ous reports showed that the membrane peroxidation is induced
by ethylene (Sylvestre and Paulin, 1987; Sylvestre et al., 1989;
Hodges and Forney, 2000; Flors et al., 2007). However, the simi-
lar results obtained in the treated and untreated tissues of MT and
Nr (Fig. 2A–C) indicates a limited role of ethylene signaling in lipid
peroxidation. On the other hand, at least in fruits, Nr exhibited a
slightly elevated H2O2 content under salt and metal stress when
compared to MT, even though the untreated Nr (no Na or Cd) nat-
urally exhibited a higher H2O2 production when compared to MT
(Fig. 3). Thus, such results may also be related to ethylene produc-
tion. For instance,NaandCd-inducedethyleneproductionoccurred
at the same time thatH2O2 was increased in tomato (Iakimovaet al.,
2005) and chickpea (Nandwal et al., 2007), and also exogenous
application of H2O2 increased ethylene production (Ivenish and
Tillberg, 1995). Recently, Liu et al. (2008) speculated that ethylene
and H2O2 act in a synergistic manner in tomato and the function of2 2
On the other hand, Ke and Sun (2004) veriﬁed that H2O2 was not
involved in osmotic stress induced ethylene production.
Asadirect response to the stress andROSproduction, theantiox-
idant defense systems are expected to respond. The enzymatic
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tig. 8. Speciﬁc activity of catalase (CAT) (molmin−1 mg−1) in the roots (A), leaves
nd CdCl2 (0.5mM). The control plants were untreated. Values are the means of thr
etoxiﬁcation mechanisms of plants are capable of quenching ROS
nvolving signaling from stressor to response (Gratão et al., 2005;
aycu et al., 2006; Pauly et al., 2006), probably also dependent on
thylene (Molassiotis et al., 2005; Yakimova et al., 2006; Castagna
t al., 2007; Qin et al., 2008). Although non-enzymatic antioxidant
ystems are likely to be involved in the response, we have ini-
ially investigated some key antioxidant enzymes which have beennd fruits (C) of Nr and MT grown, from anthesis, in the presence of NaCl (100mM)
licates± SEM.
shown previously to respond to the stress induced by NaCl and
CdCl2.When we analyzed the antioxidant enzyme activities of Nr and
MT, we veriﬁed that the interplay between ethylene signaling
and the antioxidant system extends to mechanisms dependent on
stressor, time, tissue and, additionally, cell compartmentalization
type. For example, SOD isoforms are normally located in different
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tig. 9. Speciﬁc activity of gluthatione reductase (GR) (molmin−1 mg−1) in the roo
100mM) and CdCl2 (0.5mM). The control plants were untreated. Values are the m
ell organelles: Mn-SOD is located in the mitochondria, Fe-SOD in
he chloroplast, whereas Cu/Zn-SODs can be found in the chloro-
last, the cytosol and, possibly the extracellular space (Alscher
t al., 2002); and our results indicate that distinct strategies are
ikely to be involved when SOD activity response is concerned:
i) SOD isoform pattern distribution is not ethylene dependent
ince both genotypes exhibited the same isoform pattern in all
hree tissues tested (Figs. 5–7), but (ii) it is stress signaling depen-leaves (B) and fruits (C) of Nr and MT grown, from anthesis, in the presence of NaCl
f three replicates± SEM.
dent since there was an speciﬁc effect of NaCl (i.e. not genotype)
on SOD I in roots of both genotypes, which was more accentu-
ated at 36 days of exposure (Fig. 5C); (iii) compartmentalization
dependent, according to differences observed from SOD isoforms
activity staining (Figs. 5–7). From these observations, it is curious
to note that although H2O2 was increased in Nr fruits during salt
and metal stress (Fig. 3C), Nr SOD did not differ in this tissue, being
not unreasonable to suggest that there is another H2O2 genera-
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iig. 10. Speciﬁc activity of ascorbate peroxidase (APX) (molmin−1 mg−1) in the r
aCl (100mM) and CdCl2 (0.5mM). The control plants were untreated. Values are t
ion pathway, not from the dismutation of O2− to H2O2 by SOD,
nd that at least in fruit the H2O2 generation may be ethylene
ependent.
As H2O2 can subsequently be reduced to H2O by CAT and APX, a
eduction in H2O2 in Nr roots could be expected, due to the higher
AT and APX activities, but this was not the case (Fig. 3A). H2O2
s also known to be produced through non-enzymatic processesA), leaves (B) and fruits (C) of Nr and MT grown, from anthesis, in the presence of
ans of three replicates± SEM.
in plants (Nandwal et al., 2007), thus making it difﬁcult to assign
to CAT and APX, a role in the reduction of H2O2 during salt and
metal stress. Consistentwith this complexity, Castagna et al. (2007)
veriﬁed that although Nr produced H2O2 during an O3-induced
oxidative burst, Nr displayed reduced activities of APX, indicat-
ing the involvement of complex ROS-producing and scavenging
systems.
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It is noteworthy that Nr roots exhibited enhanced CAT, GR and
PX activities at the beginning of the treatments, when compared
o the wild type MT (Figs. 8–10A). However, when exposed to NaCl
nd CdCl2, the enzymes did not exhibit different behaviors when
ompared to the control MT. On the other hand, at least for APX,
he Nr fruits appeared to contain a different signaling mechanism
n response to NaCl and CdCl2 stress, since there were oppositefruits (C) of Nr and MT grown, from anthesis, in the presence of NaCl (100mM) and
tes± SEM.
responses showing a reduced and an enhanced APX activity in
NaCl and CdCl2, respectively (Fig. 10C). This indicates that if APX
is dependent of ethylene signaling, only in fruits different mecha-
nisms for salt and metal stress may be involved.
In Nr roots, there was a considerable reduction in GPOX after
36 days (Fig. 11A), and in fruits the increase of Nr APX in NaCl
(Fig. 11C) are the most obvious enzymatic alterations expressed by
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he mutant. These results provide strong evidences of a close GPOX
nd ethylene signaling interaction through mechanisms which
ppears to be stressor and tissue-dependent, since the GPOX activ-
ty patterns observed for MT and Nr leaves are similar (Fig. 11B).
owever, based on our data it is still difﬁcult to draw any spe-
iﬁc interaction between GPOX and ethylene and more research
s needed, even though such an interaction between other peroxi-
ases (e.g. APX and CAT) and ethylene have already been exploited
Nandwal et al., 2007).
Although signal transduction fromethylene receptors involves a
ubset of downstream components (Lin et al., 2008), receptors had
een the target of active research, since ethylene receptor expres-
ion seems to be induced by multiple stresses (Cao et al., 2008).
or instance, the expression of the ethylene receptor gene ETR1
eems to be down-regulated by salt and osmotic stress at both the
ranscription and protein levels in Arabidopsis thaliana (Zhao and
challer, 2004). The gain-of-function mutant etr1-1, with ethylene
nsensitivity, showed increased sensitivity to salt stress during ger-
ination and early seedling development (Zhou et al., 2006; Cao
t al., 2007; Wang et al., 2008). On the contrary, the strong loss-
f-function mutant etr1-7 of A. thaliana, which displays enhanced
ensitivity to ethylene, showed increased tolerance to salt stress
Wang et al., 2008). Additionally, transgenic A. thaliana and tobacco
lants overexpressing the ethylene receptor gene NTHK1 from
obacco showed sensitivity to salt stress compared to the wild-
ype plants (Zhou et al., 2006; Cao et al., 2006, 2007). These results
ndicate that ethylene receptors regulate salt-sensitive responses,
hereas in this paper we have suggested that this regulation can
ccur at the level of oxidative stress. Although the cause of this
ifferential response observed for Nr is still unknown, it is sugges-
ive of a varying degree of penetrance of the dominant mutation
n different tissues (Barry et al., 2005). In accordance with this, the
eceptors are expressed in various temporal and spatial patterns,
ependingondevelopmental stageandexternal stimuli (Lashbrook
t al., 1998; Klee and Tieman, 2002; Lin et al., 2008). LeETR1,
or example, is expressed constantly in all tissues examined and
hows no induction by exogenous ethylene, whereas NR (LeETR3)
xpression increases during ripening, senescence and abscission
Lashbrook et al., 1998; Payton et al., 1996). The oxidative stress
esponses by the Nr mutant may also help to elucidate the role that
his receptor plays during Na and Cd-induced stress as alteration
n ethylene sensitivity may result in the unexpected or unrecog-
ized modiﬁcation of another signaling pathway (Alexander and
rierson, 2002), allowing the plant to initiate an ethylene response
n one tissue while suppressing the response in others (Tieman
t al., 2000). Consistent with this, Castagna et al. (2007) veriﬁed
hat the Nr mutant retains a partial sensitivity to ethylene, thus
uggesting only a marginal role of NR receptor in mediating the
omplex response of tomato plants to O3 and implying the involve-
ent of other ethylene receptors. Moreover, a fascinating question
n ethylene signaling and response is the involvement of other hor-
onal signaling pathways (Mittler, 2002; Neill et al., 2002). For
xample, A. thaliana mutant loci have been cloned and revealed to
ncode either downstream components of the ethylene signaling
athway or peripheral components that function in, or integrate
ultiple hormone signaling pathways, involving auxin and abscisic
cid (Kwak et al., 2002; Larsen and Cancel, 2003; Li et al., 2004).
hese issues make it clear how much still is to come from future
esearch.
In this paper we provided indirectly a background to ethylene
ignaling during oxidative stress trigged by NaCl and CdCl2. From
he data obtained with the Nr mutant we have suggested that in
omato this signaling can be tissue and stressor dependent. How-
ver, our approach relies on a fundamental role of NR receptors
n modiﬁcations of the oxidative system. For a complete under-
tanding of the ethylene signaling from NR many efforts are stillerimental Botany 71 (2011) 306–320
necessary. Moreover, recent evidence indicated that the Nr mutant
has leaves with light disorganization of the chloroplast, and when
exposed to CdCl2 treatment, the leaves of this mutant show an
increase in the intercellular spaces and decrease in the size of the
mesophyll. Whereas in the roots, there were alterations in diam-
eter and disintegration of the epidermis and the external layers
of the cortex (Gratão et al., 2009). Thus, these anomalies should
also be taken into consideration when evaluating the biochemical
responses of the Nr mutant during Cd stress. However, it is sur-
prising that although Nr does show the evident disorganization of
the chloroplast (Gratão et al., 2009), SOD did not differ between
Nr and MT, indicating a complex antioxidative system dependent
of compartmentalization which needs to be explored. Moreover,
another question to be answered is whether such ultrastructural
alterations also occur as a result of NaCl treatment, which has not
yet been investigated. Finally, it would also be interesting in future
studies to analyze whether the fruit ultrastructure is also affected
by CdCl2 and NaCl.
Considering a distinct approach, but still highlighting the ethy-
lene signaling from NR, transgenic tomato plants overexpressing
wild-typeNR, which is suggested to reduce ethylene sensitivity due
to the fact that NR receptor can be a negative regulator of ethylene
response, displayed tolerance to virulent X. campestris pv. vesi-
catoria, as evidenced by reduced necrosis and greater membrane
integrity (Ciardi et al., 2000). Is this pathogen tolerance, as well
as reduced senescence during NaCl and CdCl2 treatment observed
here in Nr, triggered by an altered antioxidant system response?
Further analysis, including new approaches such as plant omics
(Arruda and Azevedo, 2009), in addition to biochemical experi-
ments, are thus necessary to elucidate the roles played by the
NR receptors and other ethylene receptors in mediating the plant
response to salt and metal stress. These should help to unravel
the relative importance of ethylene receptors in regulating the cell
responses to different kind of stresses sharing similar signaling
routes.
Acknowledgements
This work was funded by Fundac¸ão de Amparo à Pesquisa
do Estado de São Paulo (FAPESP – Grants nos.. 09/54676-0 and
04/08444-6). We thank Conselho Nacional de Desenvolvimento
Cientíﬁco e Tecnológico (CNPq-Brazil) (R.A.A. and L.E.P.P) and
FAPESP (C.C.M., P.L.G., R.F.C.and G.C.) for the fellowships and schol-
arships granted.
References
Abeles, F.B., Morgan, P.W., Saltveit, M.E., 1992. Ethylene in Plant Biology, 2 ed. Aca-
demic Press, San Diego, 414p.
Alexander, L.,Grierson,D., 2002. Ethylenebiosynthesis andaction in tomato: amodel
for climacteric fruit ripening. J. Exp. Bot. 53, 2039–2055.
Alexieva, V., Sergiev, I., Mapelli, S., Karanov, E., 2001. The effect of drought and
ultraviolet radiation on growth and stress markers in pea and wheat. Plant Cell.
Environ. 24, 1337–1344.
Alscher, R.G., Erturk, N., Heath, L.S., 2002. Role of superoxide dismutases (SODs) in
controlling oxidative stress in plants. J. Exp. Bot. 53, 1331–1341.
Arruda, M.A.Z., Azevedo, R.A., 2009. Metallomics and chemical speciation: towards
a better understanding of metal-induced stress in plants. Ann. Appl. Biol. 155,
301–307.
Azevedo, R.A., Alas, R.M., Smith, R.J., Lea, P.J., 1998. Response of antioxidant enzymes
to transfer from elevated carbon dioxide to air and ozone fumigation, in the
leaves and roots of wild-type and a catalase deﬁcient mutant of barley. Physiol.
Plant. 104, 280–292.
Barry, C.S., McQuinn, R.P., Thompson, A.J., Seymour, G.B., Grierson, D., Giovannoni,
J.J., 2005. Ethylene insensitivity conferred by the Green-ripe and Never-ripe 2
ripening mutants of tomato. Plant Physiol. 138, 267–275.
Baycu, G., Tolunay, D., Ozden, H., Gunebakan, S., 2006. Ecophysiological and seasonal
variations in Cd, Pb, Zn, and Ni concentrations in the leaves of urban deciduous
trees in Istanbul. Environ. Pollut. 143, 545–554.
Bent, A.F., Innes, R.W., Ecker, J.R., Staskawicz, B.J., 1992. Disease development in
ethylene-insensitive Arabidopsis thaliana infected with virulent and avirulent
d Exp
B
B
C
C
C
C
C
C
C
C
C
D
D
D
D
F
F
G
G
G
G
G
G
G
G
G
G
HC.C. Monteiro et al. / Environmental an
Pseudomonas and Xanthomonas pathogens. Mol. Plant-Microbe Interact. 5,
372–378.
leecker, A.B., Kende, H., 2000. Ethylene: a gaseous signal molecule in plants. Annu.
Rev. Cell Dev. Biol. 16, 1–18.
radford, M.M., 1976. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248–259.
ao, W.H., Liu, J., Zhou, Q.Y., Cao, Y.R., Zheng, S.F., Du, B.X., Zhang, J.S., Chen, S.Y.,
2006. Expression of tobacco ethylene receptor NTHK1 alters plant responses to
salt stress. Plant. Cell. Environ. 29, 120–1219.
ao, W.H., Liu, J., He, X.J., Mu, R.L., Zhou, H.L., Chen, S.Y., Zhang, J.S., 2007. Modula-
tion of ethylene responses affects plant salt-stress responses. Plant Physiol. 143,
707–719.
ao, Y.R., Chen, S.Y., Zhang, J.S., 2008. Ethylene signaling regulates salt stress
response. Plant Signal. Behav. 3, 761–763.
ao, S., Chen, Z., Liu, G., Jiang, L., Yuan, H., Ren, G., Bian, X., Jian, H., Ma, X., 2009. The
Arabidopsis ethylene-insensitive 2 gene is required for lead resistance. Plant
Physiol. Biochem. 47, 308–312.
arvalho, R.F., Quecini, V., Peres, L.E.P., 2010. Hormonal modulation of
photomorphogenesis-controlledanthocyaninaccumulation in tomato (Solanum
lycopersicum L. cv Micro-Tom) hypocotyls: physiological and genetic studies.
Plant Sci. 178, 258–254.
astagna, A., Ederli, L., Pasqualini, S., Mensuali-Sodi, A., Baldan, B., Donnini, S.,
Ranieri, A., 2007. The tomato ethylene receptor LE-ETR3 (NR) is not involved
in mediating ozone sensitivity: causal relationships among ethylene emission,
oxidative burst and tissue damage. New Phytol. 174, 342–356.
hen, T., Liu, J., Lei, G., Liu, Y.F., Li, Z.G., Tao, J.J., Hao, Y.J., Cao, Y.R., Lin, Q., Zhang,
W.K., Ma, B., Chen, S.Y., Zhang, J.S., 2009. Effects of tobacco ethylene receptor
mutations on receptor kinase activity, plant growth and stress responses. Plant
Cell Physiol. 50, 1636–1650.
hen, F., Wang, F., Wu, F., Mao, W., Zhang, G., Zhou, M., 2010. Modulation of exoge-
nous glutathione in antioxidant defense system against Cd stress in the two
barley genotypes differing in Cd tolerance. Plant Physiol. Biochem. 48, 663–672.
iardi, J.A., Tieman, D.M., Lund, S.T., Jones, J.B., Stall, R.E., Klee, H.J., 2000. Response to
Xanthomonas campestrispv. vesicatoria in tomato involves regulationof ethylene
receptor gene expression. Plant Physiol. 123, 81–92.
e Paepe, A., De Grauwe, L., Bertrand, S., Smalle, J., Van Der Straeten, D., 2005. The
Arabidopsis mutant eer2 has enhanced ethylene responses in the light. J. Exp.
Bot. 56, 2409–2415.
emiral, T., Türkan, I., 2005. Comparative lipid peroxidation, antioxidant defense
systems and proline content in roots of two rice cultivars differing in salt toler-
ance. Environ. Exp. Bot. 53, 247–257.
esikan, R., Mackerness, A.-H., Hancock, S., Neill, J.T.S.J., 2001. Regulation of the
Arabidopsis transcriptome by oxidative stress. Plant Physiol. 127, 159–172.
ietz, K.J., 2005. Plant thiol enzymesand thiol homeostasis in relation to thiol depen-
dent redox regulation and oxidative stress. In: Smirnoff, N. (Ed.), Antioxidants
and Reactive Oxygen Species in Plants. Blackwell Publication, pp. 25–52.
lors, V., Paradís, M., García-Andrade, J., Cerezo, M., González-Bosch, C., García-
Agustín, P., 2007. A tolerant behavior in salt-sensitive tomato plants can be
mimicked by chemical stimuli. Plant Signal. Behav. 2, 50–57.
oyer, C., Noctor, G., 2009. Redox regulation in photosynthetic organisms: signaling,
acclimation and practical implications. Antioxid. Redox Signal. 11, 1–45.
eraats, B.P.J., Bakker, P., van Loon, L.C., 2002. Ethylene insensitivity impairs
resistance to soilbornepathogens in tobaccoandArabidopsis thaliana.Mol. Plant-
Microbe Interac. 15, 1078–1085.
hanem, M.E., Albacete, F., Martínez-Andújar, C., Acosta, M., Romero-Aranda, R.,
Dodd, I.C., Lutts, S., Pérez-Alfocea, F., 2008. Hormonal changes during salinity-
induced leaf senescence in tomato (Solanum lycopersicum L.). J. Exp. Bot. 59,
3039–3050.
omes-Junior, R.A.,Moldes, C.A., Delite, F.S., Pompeu, G.B., Gratão, P.L.,Mazzafera, P.,
Lea, P.J., Azevedo, R.A., 2006a. Antioxidant metabolism of coffee cell suspension
cultures in response to cadmium. Chemosphere 65, 1330–1337.
omes-Junior, R.A., Moldes, C.A., Delite, F.S., Gratão, P.L., Mazzafera, P., Lea, P.J.,
Azevedo, R.A., 2006b. Nickel elicits a fast antioxidant response in Coffea arabica
cells. Plant Physiol. Biochem. 44, 420–429.
omes-Junior, R.A., Gratão, P.L., Gaziola, S.A., Mazzafera, P., Lea, P.J., Azevedo, R.A.,
2007. Selenium-induced oxidative stress in coffee cell suspension cultures.
Funct. Plant Biol. 34, 449–456.
ratão, P.L., Polle, A., Lea, P.J., Azevedo, R.A., 2005. Making the life of heavy metal-
stressed plants a little easier. Funct. Plant Biol. 32, 481–494.
ratão, P.L., Peres, L.E.P., Monteiro, C.C., Azevedo, R.A., 2008. The isolation of antiox-
idant enzymes from mature tomato (cv Micro-Tom) plants. HortScience 43,
1608–1610.
ratão, P.L., Monteiro, C.C., Rossi, M.L., Martinelli, A.P., Peres, L.E.P., Medici, L.O., Lea,
P.J., Azevedo, R.A., 2009.Differential ultrastructural changes in tomatohormonal
mutants exposed to cadmium. Environ. Exp. Bot. 67, 387–394.
rbic, V., Bleecker, A.B., 1995. Ethylene stimulates the timing of leaf senescence in
Arabidopsis. Plant J. 8, 595–602.
uoa, T.R., Zhang, G.P., Zhang, Y.H., 2007. Physiological changes in barley plants
under combined toxicity of aluminum, copper and cadmium. Colloids Surf. B:
Biointerfaces 57, 182–188.
afsi, C., Romero-Puertas, M.C., Gupta, D.K., del Río, L.A., Sandalio, L.M., Abdelly,
C., 2010. Moderate salinity enhances the antioxidative response in the halo-
phyte Hordeum maritimum L. under potassium deﬁciency. Environ. Exp. Bot. 69,
129–136.erimental Botany 71 (2011) 306–320 319
Hattab, S., Dridi, B., Chouba, L., Kheder, M.B., Bousetta, H., 2009. Photosynthesis and
growth responses of pea Pisum sativum L. under heavy metals stress. J. Environ.
Sci. 21, 1552–1556.
He, X.J., Mu, R.L., Cao, W.H., Zhang, Z.G., Zhang, J.S., Chen, S.Y., 2005. AtNAC2, a
transcription factor downstream of ethylene and auxin signaling pathways,
is involved in salt stress response and lateral root development. Plant J. 44,
903–916.
Heath, R.L., Packer, L., 1968. Photoperoxidation in isolated chloroplast I. Kinet-
ics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125,
2141–2145.
Hoagland, D., Arnon, D.I., 1950. In: Hoagland, D., Arnon, D.I. (Eds.), The Water Cul-
tureMethod forGrowingPlantsWithout Soil. CaliforniaAgricultural Experiment
Station, Berkeley.
Hodges, D.M., Forney, C.F., 2000. The effect of ethylene, depressed oxygen and ele-
vated carbon dioxide on antioxidant proﬁles of senescing spinach leaves. J. Exp.
Bot. 51, 645–655.
Hoffman, T., Schmidt, J.S., Zheng, X., Bent, A.F., 1999. Isolationof ethylene-insensitive
soybean mutants that are altered in pathogen susceptibility and gene-for-gene
disease resistance. Plant Physiol. 119, 935–949.
Iakimova, E., Kapchina-Toteva, V., de Jong, A., Atanassov, A., Woltering, E., 2005.
Involvement of ethylene, oxidative stress and lipid-derived signals in cadmium-
induced programmed cell death in tomato suspension cells. BMC Plant Biol. 5
(Suppl. 1), 1–2, S19.
Ivenish, G., Tillberg, E.J., 1995. Stress-induced ethylene biosynthesis in pine nee-
dles: a search for putative ACC-independent pathway. Plant Physiol. 145,
308–317.
Jing, H.C., Sturre, M.J., Hille, J., Dijkwel, P.P., 2002. Arabidopsis onset of-leaf-death
mutants identify a regulatory pathway controlling leaf senescence. Plant J. 32,
51–63.
Jung, J.Y., Shin, R., Schachtman,D.P., 2009. Ethylenemediates response and tolerance
to potassium deprivation in Arabidopsis. Plant Cell 21, 607–621.
Ke, D., Sun, G., 2004. The effect of reactive oxygen species on ethylene production
induced by osmotic stress in etiolated mungbean seedling. Plant Growth Regul.
44, 199–206.
Kende, H., 1993. Ethylene biosynthesis. Ann. Rev. Plant Physiol. Plant Mol. Biol. 44,
283–307.
Kim, H.J., Lynch, J.P., Brown, K.M., 2008. Ethylene insensitivity impedes a subset of
responses to phosphorus deﬁciency in tomato and petunia. Plant Cell Environ.
31, 1744–1755.
Klee,H., Clark,D., 2002.Manipulationof ethylene synthesis andperception inplants:
the ins and the outs. HortScience 37, 450–452.
Klee, H., Tieman, D., 2002. The tomato ethylene receptor gene family: form and
function. Physiol. Plant. 115, 336–341.
Knoester, M., Loon, L.C.v., Heuvel, J.v.d., Hennig, J., Bol, J.F., Linthorst, H.J.M., 1998.
Ethylene-insensitive tobacco lacks nonhost resistance against soil-borne fungi.
Proc. Natl. Acad. Sci. U. S. A. 95, 1933–1937.
Kwak, J.M., Moon, J.H., Murata, Y., Kuchitsu, K., Leonhardt, N., DeLong, A., Schroeder,
J.I., 2002. Disruption of a guard cell-expressed protein phosphatase 2A regula-
tory subunit RCN1, confers abscisic acid insensitivity in Arabidopsis. Plant Cell
14, 2849–2861.
Lanahan,M., Yen,H.-C., Giovannoni, J., Klee,H., 1994. TheNeverRipemutationblocks
ethylene perception in tomato. Plant Cell 6, 521–530.
Larsen, P.B., Cancel, J.D., 2003. Enhanced ethylene responsiveness in the Arabidopsis
eer1mutant results froma loss-of-functionmutation in theproteinphosphatase
2A A regulatory subunit, RCN1. Plant J. 34, 709–718.
Lashbrook, C.C., Tieman, D.M., Klee, H.J., 1998. Differential regulation of the tomato
ETR gene family throughout plant development. Plant J. 15, 243–252.
Li, H., Johnson, P., Stepanova, A., Alonso, J.M., Ecker, J.R., 2004. Convergence of sig-
nalling pathways in the control of differential cell growth in Arabidopsis. Dev.
Cell 7, 193–204.
Lima, J.E., Benedito, V.A., Figueira, A., Peres, L.E.P., 2009. Callus, shoot and hairy root
formation in vitro as affected by the sensitivity to auxin and ethylene in tomato
mutants. Plant Cell Rep. 28, 1169–1177.
Lin, Z., Alexander, L., Hackett, R., Grierson, D., 2008. LeCTR2, a CTR1-like pro-
tein kinase from tomato, plays a role in ethylene signalling, development and
defence. Plant J. 54, 1083–1093.
Liu, K., Shen, L., Sheng, J., 2008. Improvement in cadmium tolerance of tomato
seedlings with an antisense DNA for 1-aminocyclopropane-1-carboxylate syn-
thase. J. Plant Nutr. 31, 809–827.
Lund, S.T., Stall, R.E., Klee, H.J., 1998. Ethylene regulates the susceptible response to
pathogen infection in tomato. Plant Cell 10, 371–382.
Madhaiyan, M., Poonguzhali, S., Sa, T., 2007. Metal tolerating methylotrophic bacte-
ria reduces nickel and cadmium toxicity and promotes plant growth of tomato
(Lycopersicon esculentum L.). Chemosphere 69, 220–228.
Malavolta, E., Vitti, G.C., Oliveira, S.A., 1997. Avaliac¸ão do estado nutricional de plan-
tas: princípios e aplicac¸ões, 2 ed. Piracicaba: Associac¸ão Brasileira para Pesquisa
de Potassa e do Fosfato, 319p.
Mayak, S., Legge, R.L., Thompson, J.E., 1983. Suproxide radical production by micro-
somal membranes from senescing carnation ﬂowers: an effect on membrane
ﬂuidity. Phytochemistry 22, 1375–1380.Mittler, R., 2002. Oxidative stress, antioxidants and stress tolerance. Trends Plant
Sci. 9, 405–410.
Molassiotis, A., Diamantidis, G., Therios, I., Dimassi, K., 2005. Effects of salicylic acid
on ethylene induction and antioxidant activity in peach rootstock regenerants.
Biol. Plant. 49, 609–612.
3 d Exp
M
M
M
M
N
N
N
N
O
O
O
P
P
P
P
Q
R
S20 C.C. Monteiro et al. / Environmental an
oreno, J.L., Hernandez, T., Garcia, C., 1999. Effects of a cadmium-containing sewage
sludge compost on dynamics of organic matter and microbial activity in an arid
soils. Biol. Fert. Soils 28, 230–237.
organ, P.G., Drew,M.C., 1997. Ethylene andplant responses to stress. Physiol. Plant.
100, 620–630.
unné-Bosch, S., Pen˜uelas, J., Asensio,D., Llusià, J., 2004.Airborneethylenemayalter
antioxidant protection and reduce tolerance of holm oak to heat and drought
stress. Plant Physiol. 136, 2937–2947.
unns, R., Tester, M., 2008. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol.
59, 651–681.
akano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-speciﬁc
peroxidase in spinach chloroplast. Plant Cell Physiol. 22, 867–880.
andwal, A.S., Kukreja, S., Kumar, N., Sharma, P.K., Jain, M., Mann, A., Singh, S., 2007.
Plantwater status, ethylene evolution,N-2-ﬁxing efﬁciency, antioxidant activity
and lipid peroxidation in Cicer arietinum L. nodules as affected by short-term
salinization and desalinization. J. Plant Physiol. 164, 1161–1169.
eill, S., Desikan, R., Hancock, J., 2002.Hydrogenperoxide signaling. Curr. Opin. Plant
Biol. 5, 388–395.
oodén, L.D., Guiamét, J.J., John, I., 1997. Senescencemechanisms. Physiol. Plant 101,
746–753.
’Donnell, P.J., Jones, J.B., Antoine, F.R., Ciardi, J., Klee, H.J., 2001. Ethylene-dependent
salicylic acid regulates an expanded cell death response to a plant pathogen.
Plant J. 25, 315–323.
vermyer, K., Tuominen, H., Kettunen, R., Betz, C., Langebartels, C., Sandermann
Jr., H., Kangasjärvi, J., 2000. Ozone-sensitive Arabidopsis rcd1 mutant reveals
opposite roles for ethylene and jasmonate signaling pathways in regulating
superoxide-dependent cell death. Plant Cell. 12, 1849–1862.
vermyer, K., Brosche, M., Kangasjarvi, J., 2003. Reactive oxygen species and hor-
monal control of cell death. Trends Plant Sci. 8, 335–342.
assardi, F., Theiler, G., Zamocky, M., Cosio, C., Rouhier, N., Teixera, F., Margis-
Pinheiro, M., Ioannidis, V., Penel, C., Land Dunand, C., 2007. PeroxiBase: the
peroxidase database. Phytochemistry 68, 1605–1611.
auly, N., Pucciariello, C., Mandon, K., Innocenti, G., Jamet, A., Baudouin, E., Her-
ouart, D., Frendo, P., Puppo, A., 2006. Reactive oxygen and nitrogen species and
glutathione: key players in the legume–Rhizobium symbiosis. J. Exp. Bot. 57,
1769–1776.
ayton, S., Fray, R.G., Brown, S., Grierson, D., 1996. Ethylene receptor expression is
regulated during fruit ripening, ﬂower senescence and abscission. Plant Mol.
Biol. 31, 1227–1231.
ietrini, F., Iannelli, M.A., Pasqualini, S., Massacci, A., 2003. Interaction of cadmium
with glutathione and photosynthesis in developing leaves and chloroplasts of
Phragmites australis. Plant Physiol. 133, 829–837.
in, Y.M., Hu, C.Y., Zhu, Y.X., 2008. The ascorbate peroxidase regulated by H2O2 and
ethylene is involved in cotton ﬁber cell elongation by modulating ROS home-
ostasis. Plant Signal. Behav. 3, 194–196.ivero, R.M., Kojima, M., Gepstein, A., Sakakibara, H., Mittler, R., Gepstein, S.,
Blumwald, E., 2007. Delayed leaf senescence induces extreme drought tolerance
in a ﬂowering plant. Proc. Natl. Acad. Sci. U. S. A. 104, 19631–19636.
akihama, Y., Cohen, M.F., Grace, S.C., Yamasaki, H., 2002. Plant phenolic antioxi-
dant and prooxidant activities: phenolics-induced oxidative damage mediated
by metals in plants. Toxicology 177, 67–80.erimental Botany 71 (2011) 306–320
Shalata, A., Neumann, P.M., 2001. Exogenous ascorbic acid (vitamin C) increases
resistance to salt stress and reduces lipid peroxidation. J. Exp. Bot. 52,
2207–2211.
Sylvestre, I., Paulin, A., 1987. Accelerated ethylene production as related to changes
in lipids and electrolyte leakage during senescence of petals of cut carnations
(Dianthus caryophyllus). Physiol. Plant. 70, 530–536.
Sylvestre, I., Droillard, M.J., Bureau, J.M., Paulin, A., 1989. Effects of the ethylene rise
on the peroxidation ofmembrane lipids during the senescence of cut carnations.
Plant Physiol. Biochem. 27, 407–413.
Teklic, T., Hancock, J.T., Engler, M., Paradikovic, N., Cesar, V., Lepedus, H., Stolfa,
I., Beslo, D., 2008. Antioxidative responses in radish (Raphnus stivus L.) plants
stressed by copper and lead in nutrient solution and soil. Acta Biol. Crac. Ser.
Bot. 50, 79–86.
Thomma, B.P.H.J., Eggermont, K., Tierens, K.F.M.J., Broekaert, W.F., 1999. Require-
ment of functional ethylene-insensitive 2 gene for efﬁcient resistance of
Arabidopsis to infection by Botrytis cinerea. Plant Physiol. 121, 1093–
1101.
Tieman, D.M., Taylor, M.G., Ciardi, J.A., Klee, H.J., 2000. The tomato ethylene recep-
tors NR and LeETR4 are negative regulators of ethylene response and exhibit
functional compensation within a multigene family. Proc. Natl. Acad. Sci. U. S.
A. 97, 5663–5668.
Vahala, J., Ruonala, R., Keinänen, M., Tuominen, H., Kangasjärvi, J., 2003. Ethylene
insensitivitymodulates ozone-induced cell death in birch (Betula pendula). Plant
Physiol. 132, 185–195.
Vincent, J.M., 1975. Manual practico de rizobiologia, 1st ed. Hemisferio Sur, Buenos
Aires, 200.
Vitória, A.P., Lea, P.J., Azevedo, R.A., 2001. Antioxidant enzymes responses to cad-
mium in radish tissues. Phytochemistry 57, 701–710.
Vranova, E., Atichartpongkul, S., Villarroel, R., Van Montagu, M., Inze, D., Van
Camp, W., 2002. Comprehensive analysis of gene expression in Nicotiana
tabacum leaves acclimated to oxidative stress. Proc. Natl. Acad. Sci. U. S. A. 99,
10870–10875.
Wang, Z.-F., Ying, T.-J., Bao, B.-L., Huang X-D, 2005. Characteristics of fruit ripening
in tomato mutant epi*. J. Zhejiang Univ. Sci. 6B, 502–507.
Wang, Y., Wang, T., Li, K., Li, X., 2008. Genetic analysis of involvement of ETR1 in
plant response to salt and osmotic stress. Plant Growth Regul. 54, 261–269.
Wilkinson, J.Q., Lanahan,M.B., Yen,H.C.,Giovannoni, J.J., Klee,H.J., 1995.Anethylene-
inducible component of signal transduction encodedbyNever-ripe. Science270,
1807–1809.
Yakimova, E.T., Kapchina-Toteva, V.M., Laarhoven, L.J., Harren, F.M., Woltering, E.J.,
2006. Involvement of ethylene and lipid signalling in cadmium-induced pro-
grammed cell death in tomato suspension cells. Plant Physiol. Biochem. 44,
581–589.
Zapata, P.J., Botella, M.A., Pretel, M.T., Serrano, M., 2007. Responses of ethylene
biosynthesis to saline stress in seedlings of eight plant species. Plant Growth
Regul. 53, 97–106.
Zhao, X.C., Schaller, G.E., 2004. Effect of salt and osmotic stress upon expression of
the ethylene receptor ETR1 in Arabidopsis thaliana. FEBS Lett. 562, 189–192.
Zhou, H.L., Cao, W.H., Cao, Y.R., Liu, J., Hao, Y.J., Zhang, J.S., Chen, S.Y., 2006. Roles of
ethylene receptor NTHK1 domains in plant growth, stress response and protein
phosphorylation. FEBS Lett. 580, 1239–1250.
